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Synthesis of N-Heterocycles by Reductive Cyclization of Nitro
Compounds Using Formate Esters as CO Surrogates

Dario Formenti,@ I Francesco Ferretti,[® P! Fabio Ragaini* [

Abstract: A series of alkyl and aryl formate esters were evaluated as
CO sources in the Pd- and Pd/Ru-catalyzed reductive cyclization of
substituted nitro compounds to afford heterocycles, especially indoles.
Phenyl formate was found to be the most effective, allowing to obtain
the desired products in excellent yields, often higher than those
previously reported with pressurized CO. Detailed experiments and
kinetic studies discern between a metal-catalyzed and a base-
mediated activation of phenyl formate confirming that just the base is
effective in catalyzing its decarbonylation.

The catalytic reductive carbonylation of aromatic nitro
compounds is an efficient method for the preparation of a large
variety of bulk® and fine® chemicals. In particular, during the
years, a plethora of nitrogen containing heterocycles have been
prepared from suitably ortho-substituted nitroarenes using CO as
a stoichiometric reductant (Scheme 1) and examples of inter-
molecular reactions and of reactions employing B-nitrostyrenes
and related molecules as reagents are also known.s! Despite the
high efficiency of several of these reactions, their use has not
spread outside the limited number of groups that reported them.
This is likely mostly due to the fact that they generally involve the
use of pressurized CO, requiring safety measures that are not
available in most synthetic organic laboratories. To overcome this
limitation and allow more researchers to use this chemistry,
several years ago we started investigating the use of molecules
capable of releasing CO in situ, thus avoiding the need for high
pressure equipment and CO lines. Among several suitable
reagents,! we chose to employ formate esters because of their
commercial availability, low cost and low toxicity and selected the
Pd-catalyzed synthesis of indoles from o-nitrostyrenes (Scheme
1, upper left) as the first reaction to test. We also chose to operate
in a single glass pressure tube because this equipment is cheap
and available in different sizes. A steel autoclave can also be used,
but without the need for pressurized CO. Some of the
aforementioned CO-releasing reagents require the use of two-
chamber reactors to separate the CO-releasing reaction from the
carbonylation one. When we started this study, no alternative had
been reported to the use of gaseous CO in nitroarene cyclization
reactions. Very recently, Driver and co-workers reported on the
use of Mo(CO)s to this aim.) However, the toxicity of this CO
source is remarkable and could create complications if used on a
larger scale.

Owing to its very low cost, our initial investigation was devoted
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Scheme 1. Selected transition-metal catalyzed syntheses of N-heterocycles
from nitro compounds using CO as the reductant.

to prove if n-butyl formate could be a successful CO surrogate in
the reductive cyclization of methyl (E)-2-nitrocinnamate 1a.
Ru3(CO)12 and [Pd(Phen),][BF4]. were chosen as catalysts
for preliminary studies. Indeed, Ru3(CO)i; was extensively
employed in decarbonylation reactions of alkyl formates!® while
[Pd(Phen).][BF4]: is active in the reductive cyclization of aromatic
nitro compounds using gaseous CO as the reductant.i2<: 3m 3p. 31
Results are summarized in Table S1. The reaction conducted with
palladium only proceeded to a small extent (Table S1, entry 4). In
contrast, the use of Ruz(CO);, alone was found to be effective
showing a fair selectivity towards indole but only a moderate
conversion of the nitrostyrene (Table S1, entry 5). The
combination of the two metals allowed for an increased yield
(Table S1, entry 6). Organic bases accelerate the reaction (Table
S1, entries 9, 10, 11), but only EtsN was able to increase the
selectivity towards the desired indoles 2a (Table S1, compare
entry 6 with entry 7). However, when Et;N was used, 2-ethyl-
indolecarboxylate, 3a, was also produced. An elongation of the
reaction time allowed for a higher conversion and an increased
selectivity in both indole 2a and 3a. Under the same reaction
conditions, benzyl and methyl formate did not afford better results
(Table S1, entries 12 and 13, respectively). In the case of n-butyl,
methyl and benzyl formate, the main side product was
represented by methyl 2-aminocinnamate. Its formation can be
explained by a Ru-mediated reduction of nitro group.l’]
Surprisingly, when phenyl formate was employed, complete
conversion and a moderate selectivity was achieved (Table S1,
entry 14). Gratefully, if the reaction temperature was decreased
from 180 °C to 140 °C, selectivity increased to 92% (Table S2,
entry 2). Spurred by these encouraging results, we focused our
efforts to optimize the desired transformation using HCOOPh as
the CO source.®
Our investigation started with the evaluation of various Pd
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Table 1. Reductive cyclization of 1a with HCOOPh: screening of Pd and Ru

precatalysts.@

X COOMe A
©\/\/ COOMe
NO. N

1 mol% [Pd] or [Ru]
20 mol% Phen

HCOOPh, Et;N

- 14&)H°Bbc,'\13h 2’
Entry Catalyst la Conversion 2a Selectivity
[%o]te1 (€] [%o](e1: €]
1 Pd(CH3CN).Cl> >99 (19) 98 (17)
2 [Pd(Phen)2][BF4]2 >99 (32) 94 (34)
3 Pd(OAc)2 >99 (4) 92 (traces)
4 Pd(dba)2 86 (4) 93 (traces)
5 Ru3(CO)12 23 79
6l Pd(CH3CN)2Cl2 58 95

[a] Reaction conditions: 0.27 mmol 1a, 1 mol% of Pd catalyst or Ruz(CO)2,
20 mol% Phen, 500 pyL of HCOOPh (corresponding to 17 equiv. with respect
to 1a or 8.5 fold the CO required by the reaction), 2 equiv. EtsN (80 uL), 10
mL of CHsCN. Reactions were performed into heavy-wall borosilicate glass
tubes (ACE Pressure tube) at 140 °C for 3 h. [b] Conversion and selectivity
were determined by GC analysis using biphenyl as the internal standard. [c]
Values in parentheses refer to the reactions performed omitting Phen. [d]
Reaction performed in an autoclave under CO, 30 bar pressure. No
HCOOPhH was added. See caption to Scheme 2 for experimental conditions.

sources (Table 1). In all cases, the employed Pd compounds were
very effective in the transformation, leading to complete conversion
and nearly complete selectivity towards 2a in the case of
Pd(CH3CN).Cl,.

Notably, if the reactions were conducted in the absence of
Phen, conversions and selectivities were poor. In contrast to the
n-butyl formate based protocol, the addition of Ru3(CO);» does not
lead to any improvement (Table S2). Owing to the relatively higher
cost of phenyl formate compared to alkyl formates, its amount was
optimized. As shown in Figure S2, the reaction maintains its
efficiency down to a formate amount 3.4 fold the stoichiometric
amount with respect to the required CO (2 equivalents of CO are
needed). Further diminishing of the HCOOPh amount led to a
slight decrease of the selectivity and a drop in the conversion.
Carrying on the optimization, we found that just 1 equivalent of
Et;N is needed to achieve complete conversion and selectivity
(Figure S3). Finally, Phen amount was optimized allowing to lower
its amount to 5 mol % (Figure S4). Control experiments revealed
that the reaction does not proceed in the absence of any among
Pd, EtsN and the CO source (Table S3). Additional experiments
demonstrated that if the reaction was conducted into Schlenk
glassware connected to a nitrogen line, a poor conversion was
achieved (Figure S1). Indeed, after 9 h conversion was only 8%.
However, when further 200 yL of HCOOPh were added, the
reaction was speeded-up reaching 19% conversion. As the
comparison, performing the reaction into a pressure tube at the
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same temperature, 65% conversion and 97% selectivity were
achieved after 9 h. This experiment proves that the sluggish
reactivity in an open vessel system cannot be imputed to a
deactivation of the Pd catalysts but to a very low CO concentration
in the liquid phase. As a matter of fact, pressure tubes are crucial
to maximize the amount of CO in solution. In the aim of handling
suitable amounts of both starting materials and reaction products
the reaction was scaled-up by a factor of two. In order not to shift
the coordination equilibria in the system: a) the catalyst and
nitroarene amounts were doubled; b) the Phen, EtsN and CH;CN
amounts were left unvaried; c) the amount of HCOOPh was varied
in such a way that its excess with respect to the stoichiometrically
required amount remained unchanged. Under these conditions,
complete conversion of 1a and complete selectivity (GC analysis)
in 2a were achieved.

With the best conditions in our hands, the reaction scope was
explored (Scheme 2). Esters (1a-c) and amides (1I) derived from
2-nitrocinnamic acid were successfully cyclized providing the
corresponding indoles in good to excellent yields. Indoles
substituted in 2 and 3 positions with aryl (2n), 2-pyridyl (2h) and
cyano groups (2i-k) were also successfully obtained in excellent
yields. Labile bromo (2m), chloro (2s, 2t, 2i) and aldehydic (1g)
groups were well-tolerated. Noteworthy, 2-phenyl-6-azaindole 2e
was synthetized in very high yield. Azaindoles are a class of
nitrogen rich molecules that found broad applications in many
fields such as pharmaceuticals and agrochemicals and also
exhibits peculiar photophysical properties.® Furthermore, double
cyclization of 2,6-bis((E)-2-nitrostyryl)pyridine (10) led to the
formation of 2,6- bis(2’-indoyl)pyridine in good yields (20).

Pd(CH3CN),Cl,, Phen

: HCOOPh, Et;N
CH4CN, 140 °C R a

o] ol o
Cy< 0y 3
N OM N OEt N
H e H N Ofu
2a;3h, 95 % 2b;3h,92%
GC yield: 99 %

With HCOOnBu: y = 42 %

o o =
C-O o, Oy U~y
N-
” N Ph H H
2g; 12 h, 50 %

2¢;3h, 87 % 2d;3h, 96 %

2h;3h, 98 %
With HCOOnBu: y = 52 %

CN CN CN
N N N
H H H

2i;3h,94 %

H
2e;3h,91% 2f;8h,79 %

2j;5h,95% 2k;5h, 95 %

o)

2n;4h,90 %
With HCOOnBu: y = 52 %

CN cl
SO o8a

2p;3h,71%

21;3h,73% 2m; 4 h, 90 %

20;3h,78 %

29;5h,98 %
With HCOOnBu: y = 37 %

o}
OMe
D cl @%
A-COr .
H
2t,6h,92%
With HCOOnBu: y = 70 %
Scheme 2. Substrate scope. Reaction conditions: 0.54 mmol nitroarene, 1
mol % Pd(CHsCN)2Clz, 2.5 mol % Phen, 2.2 mmol HCOOPh, 0.27 mmol EtsN,
140 °C. Reactions were performed in an ACE Pressure Tube. Yields refer to
isolated products.

2r;3h,51% 2s;3h,69%

2u;3h,45%

This article is protected by copyright. All rights reserved.



ChemCatChem

Compounds of this type have been successfully used as ligands
in metal-based phosphorescent and electroluminescent
compounds.% Lastly, also trifluoromethyl groups were excellently
tolerated giving rise to the corresponding indoles in almost
quantitative yield. As a comparison, if the previously investigated
protocol based on n-butyl formate was applied, lower yields were
achieved (see compounds 2a, 2h, 2n, 2q and 2t) thus confirming
the effectiveness of phenyl formate as CO source.*Y Worth of
mention, in several cases the achieved yields are higher than
those previously reported in the literature using pressurized CO.
For example, the best yields obtained in the case of compounds
2a,B%1 2h, 2 2e131 and 2q ! were 83 %, 63 %, 87 % and 55 %,
respectively. This fact clearly demonstrates that our protocol is a
virtuous alternative to those based on the use of pressurized CO.
Indeed, if the model reaction was conducted under CO pressure
using optimized conditions (see caption to Scheme 2), but
omitting the phenyl formate, a decreased activity was registered
and the desired product was obtained in a very high selectivity,
but with only a moderate conversion of the starting nitro
compound (entry 6 in Table 1).

In addition, we also investigated the scalability of our reaction.
A 14-fold scaled-up reaction (7.5 mmol of the starting material) of
1la was performed to give to give 2a in 84 % isolated yield.

The developed protocol was applied to other related reactions,

to test its general applicability. Four reactions were chosen,
featuring respectively the functionalization of an aromatic C-H
bond,®s! the formation of a six-membered ring, the cyclization of
a B-nitrostyrene,®1 and an inter-molecular cyclization reaction®™
3ul (Scheme 3). The protocol worked in all cases despite the fact
that experimental conditions were not optimized for these specific
reactions. Wide margins for improvement clearly exist, but the
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5 mol% Pd(CH3CN),Cl,
6 5 mol% Phen

4.4 equiv. HCOOPh
0.54 equiv.Et3N

CH3CN, 180 °C, 5 h
0]
NO, OMe

1 mol% Pd(CH3;CN),Cl,
2.5 mol% Phen
4.4 equiv. HCOOPh
0.54 equiv.Et3N
CH3CN, 140 °C, 7 h

o X

16 equiv.

Qo - O,

Y= 46 % by-product
= ‘o

o

I N
H
y=67%
recovered by filtration
no chromatographic separation

3
N
H
y=51%
N

y=97%
Sole product
detected by GC-MS

Scheme 3. Synthesis of other N-heterocycles (isolated yields are reported).

1 mol% Pd(CH3;CN),Cl,
2.5 mol% Phen
4.4 equiv. HCOOPh
0.54 equiv.EtzN
CH3CN, 140 °C, 3 h

OMe

mNoz

1 mol % Pd(CH3CN),Cl,
2.5 mol % Phen

0.54 equiv. EtzN
4.4 equiv. HCOOPh
CH3CN, 140 °C, 3 h

oxazine yield is already higher than that previously obtained using
pressurized CO.

In order to gain insight into the reaction mechanism, the
decarbonylation step was independently studied. Various
previous works in the literature claimed that phenyl formate can
be decarbonylated by bases.® 81 However, one work reported
that Pd(OACc); in combination with P-based ligands is also able to
perform this transformation.©el

L = Peak at 1761 cm” (HCOOPh)
= Peak at 1741 cm” (HCOOPh)
A Peak at 3400 cm” (PhOH)
]
8 ]
E s} ~ OH
2. [
a H OPh=
< v i ~_OH
. A A
-
A - .
3 : : - : : : T 2\ T T
b Ra 100 150 200 280 300 380 3600 3400 3200 2000 1800 1600
1
Reaction time (min) Wavenumber (cm’’)
" 0,012
Y L
04 . 0,010 -
L
R =0,9983 2_,
2 P & R'=0,9936
8 " £ 0,008
?-11 e 5
< B
c 3
- =
= ° 0,006
2] R?=0,9981 °
-
_ o
= 1761 cm-1 0,004 4 .
e 1741 cm-1
3= S T T T T 1 T T 1
0 50 100 150 200 250 300 350 100 200 250

Reaction time (min)

[Et,N] (mM)

Figure 1. Kinetic analysis of the EtsN-mediated decarbonylation of phenyl formate (for the experimental procedure see Supporting Information).

This article is protected by copyright. All rights reserved.



ChemCatChem

In order to discriminate between this two kind of activations,
HCOOPh was reacted with either 1 equiv. of EtzN or a catalytic
amount of Pd(CH3;CN).Cl, at 140 °C in a pressure tube (Figures
S5 and S6). After 3 h, in the first case complete conversion to CO
and phenol was achieved, but no reaction occurred in the latter
case. A control experiment carried with HCOOPh alone in CH3CN,
ruled out thermal decarbonylation. In addition, Phen (a relatively
basic ligand) was found to be inactive in the same transformation.
All these tests support the previously mentioned control
experiments (Table S3). To better follow the course of the
transformation, the reaction of HCOOPh with EtsN was performed
in refluxing CH3CN and monitored by FT-IR spectroscopy. A
decreasing of the two peaks corresponding to the C=0 bond and
a contemporary increasing of the band at 3400 cm due to phenol
were detected during the time. Noteworthy, at all stages of the
reactions, no other C=0 stretching bands were detected. Kinetic
studies reveals that the reaction rate is first order in both HCOOPh
and Et;N (Figure 1), with a second order constant k = 5.14x107?
M-mint (in CH3CN at 82 °C). Under the same reaction conditions,
n-butyl formate was unreactive, indicating a different activation
mode.

Finally, we devoted our attention to the mechanism of the
reductive cyclization. It is generally agreed that nitrosoarenes are
active intermediates in the reductive cyclization of nitro
compounds using CO as the reductant. The very efficient
synthesis of oxazines (Scheme 5) strongly supports the view that
nitrosoarenes are intermediately formed even under the present
experimental conditions. We were not able to intercept the
nitrosoarene derived from 1a in the same way, but this is due to
the high reactivity of nitrosoarenes with olefins*# and the higher
rate of intra-molecular reactions with respect to inter-molecular
ones. Indeed, all previous attempt to obtain o-nitrosostyrenes
were unsuccessful.Bd 191

In the light of the previous experiments, we can propose a
mechanism for the described transformations (Scheme 4). Two
independent reaction occur: the phenyl formate decarbonylation
and the reductive cyclization. Once CO is formed by the EtsN-
mediated decarbonylation reaction, the active Pd species reacts
with o-nitrostyrene forming the o-nitrosostyrene A.

(o}

J

H”™ “OPh
- PhOH J + Et;N

Pd(ll) + CO + L

R .
m +COy tReductlon NG

H 2
co
[Pd(L)(CO),] + CO J A Ncoﬁ (PALXCON]

R

v o

N p N A
OH

(0]
\ —
7R <=—— - R
+
N N
OimC o B

Scheme 4. Proposed reaction mechanism.
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This readily undergoes intramolecular cyclization affording
nitronate B, which is converted by a 1,5-H-shift to nitronate C. The
latter is involved in a prototropic equilibrium with the N-
hydroxyindole D that is finally deoxygenated by a second CO
equivalent leading to the formation of the desired indole product,
regenerating the Pd active species. This mechanism is also
supported by experimental®®! and theoretical evidence.*®

In conclusion, we have here presented a CO surrogate based
efficient, convenient, and general synthetic procedure for the
synthesis of nitrogen heterocycles from nitro compounds. In many
cases this protocol affords the desired products with selectivities
and yields higher than those previously reported using hazardous
pressurized CO. In addition, the catalyst (just 1 mol%), the ligand
and the CO surrogate are commercially available compounds
thus increasing the feasibility of this protocol both on a laboratory
and on a larger scale.

Experimental Section

Every manipulation was performed under dinitrogen atmosphere. For a
typical reaction conducted with HCOOPh as the CO source, a ~18 mL ACE
Pressure Tube was charged with the substrate (0.54 mmol), the
appropriate volume of stock solutions of Pd(CHsCN)2Cl2 (1 mol%) and
Phen (2.5 mol%), HCOOPh (240 pL), EtsN (40 pL) and the solvent (total
liquid amount was 10 mL). Then, the reaction vessel was plugged with a
Teflon screwed-cap and immersed in a pre-heated oil bath at 140 °C. At
the end of the reaction, the pressure tube was lifted and let to cool to room
temperature. Then, the screw cap was carefully removed, the excess of
CO was vented and the content analyzed by GC, GC-MS or subject to
column chromatography. For detailed protocols see the Supporting
Information.
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